Abstract. Water quality was monitored during March 1999 to May 2001 at 106 AMD stream sites, within eleven watersheds in Western Pennsylvania. Data were used to prepare Total Maximum Daily Load (TMDL) reports using a probabilistic model (@Risk) to determine the required percent removals of acidity and of total Al, Fe, and Mn in order to comply with water quality criteria at least 99% of the time. Water quality was measured as a function of stream stage during storm events for some sites. Sites were divided into five categories, based on pH and sulfate concentration. Category 1 (pH<3.5 and sulfate>50 mg/L) accounted for 17% of total sites. Removal of >90% of the current load of acidity and aluminum was required in all category 1 cases. The relative standard deviations for water quality parameters were low for category 1 sites. We recommend that TMDL water quality sampling be limited to four expeditions for these streams, to conserve resources and to speed the development of remediation efforts. Category 2 sites (3.5<pH<6.0 and sulfate>50 mg/L) required removal of lower percentages of metals, and we recommend more sites per stream mile and an early intensive survey to determine the important sources of contamination. Stream sites in Category 3 (3.5<pH<6.0 and sulfate<50 mg/L) required removal of acidity, but in most cases no removal of total metals was required. Stream sites in Category 4 (pH>6.0 and sulfate>50 mg/L) occasionally required removal of acidity and of metal loads. Stream sites in Category 5 (pH>6.0 and sulfate<50 mg/L) did not require removal of metals for compliance. For these three categories, we recommend: an early intensive stream survey; continuous monitoring of conductivity and pH at some sites to determine possible impacts during high water events; and measurement of dissolved or monomeric Al(III), Fe(II), and Mn(II) in addition to total metals.
Background
Section 303(d) of the 1972 Clean Water Act requires that states develop lists of impaired waters that do not meet water quality standards even after installation of pollution control technology for point sources of pollution. The law requires that these jurisdictions establish priority ranking for waters on the lists and develop a total maximum daily load (TMDL) for these waters (Sears, 1998; U.S. EPA 814-D-99-001, 1999) . TMDL was described in the EPA's guidance for water quality-based decisions (U.S. EPA 440/4-91-001, 1991) as: TMDL = LC = WLA + LA + MOS
(1)
where loading capacity (LC) is the greatest amount of pollutant loading that water can receive without violating the water quality standards, waste load allocation (WLA) is load that is allocated to existing or future point sources of pollution, load allocation (LA) is the portion of a receiving water's loading capacity that is attributed to an existing or future non-point sources of pollution or to natural background sources, and margin of safety (MOS) accounts for uncertainty in modeling and analysis. In essence, TMDL describes how much pollutant can enter a waterway before the water quality criterion is reached more than a prescribed percentage of the time (Christman, 1999) .
To create a TMDL for a specific body of water, water samples are analyzed to identify types and concentrations of pollutants. EPA allows states to consider a wide range of pollutants, including toxins, nutrients, metals, pesticides, sediments, and less traditional concerns such as water temperature and flow. Often, states identify which pollutants should be evaluated, based on the source of pollution (e.g. agricultural activity, abandoned mine lands, conventional or industrial wastewater). The state determines what level of pollution in a body of water is acceptable. Then pollutant loads are determined for the upstream boundary from point sources (e.g. industrial municipal and waste water treatment facilities) and non-point sources (e.g.
agricultural surface runoff and acid mine drainage).
In Pennsylvania, abandoned mines are the source of acidity and metals for many water bodies. Under the PA Title 25 chapter 93.5(b), at least a 99% level of protection is required, i.e.
the concentrations of potentially toxic chemicals must be less than the water quality criteria 99% of the time. Although only the dissolved metals are considered to be toxic, Pennsylvania has specified TMDL guidelines in terms of total metals, i.e. following a hot HCl/HNO 3 extraction.
Dissolved metals are less than or equal to total metals, which provides an additional margin of safety. The Pennsylvania water quality criteria for stream waters affected by AMD are shown in Table 1 . 4-91-001, 1991) . Probabilistic models for water quality data often use log-normal probability distributions of model inputs to calculate probability distributions of the model output. For AMD-affected waters, contaminants are typically considered to be conservative; therefore, the point of greatest contamination is the point closest to the source of pollution. This simplifies the modeling process.
Problem Statement
Implementation of the TMDL strategy requires stream monitoring to assess the nature, concentration, and variability of pollution. Resources are usually inadequate to perform intensive and long-term monitoring on every water body that is affected by AMD. EPA did not provide watershed specific guidelines for conducting stream sampling. Rather, EPA and PADEP negotiated a minimum number of samples that would be used to determine the pollutant loading on water bodies that are affected by AMD.
Since resources are limited, it is reasonable to ask whether all of the water bodies that are affected by AMD should be required to receive the same level of data collection. The severity of the pollution from AMD depends on the characteristics of the abandoned mines and of the stream. Therefore, application of the same sampling strategy for every watershed could be inadequate for some conditions and could be wasteful for other conditions. Several investigators have linked the severity of AMD problems to pH and sulfate concentration (Bencala et al., 1987; Herlihy et al., 1990; Gray 1996; Sams et al., 2000) .
Scope of Study
This study was started in March 2000 in association with PADEP. Ten study areas in western Pennsylvania were selected. Preliminary surveys indicated that these streams were affected by AMD. Monitoring locations were selected by PADEP, and many were new sites that had not been previously sampled. Accurate flow measurements did not exist for any of the monitoring locations. Therefore, each site in this study was sampled multiple times, to include a range of seasons and flows. During each sampling trip, the stream flow was measured, and water samples were collected and subsequently analyzed. The parameters used in this study were pH, acidity (hot peroxide procedure), alkalinity, total suspended solids, sulfate, total aluminum, iron, and manganese. Aluminum, iron, manganese, acidity, and pH were target pollutants with respect to the water quality criteria.
Objective
The objectives for this study included:
 Conduct a sampling and analysis program to determine seasonal flow and water quality data for ten study areas (106 sample sites) in western Pennsylvania that were affected by AMD;
 Perform TMDL calculations to determine the percent removals of Al, Fe, Mn, and acidity that would be required to comply with water quality criteria at least 99% of the time;
 Critically evaluate the water chemistry data in order to categorize the AMD effects and then propose water-sampling strategies for each AMD category.
Results
Data for each sampling area were analyzed to obtain the percent metals and acidity removal that would be required to attain the in-stream water quality criteria. All of the water chemistry data were compiled and evaluated relative to pH and sulfate concentration. Figure 1 shows acidity as a function of sulfate concentration. Sulfate was used as an indicator to assess AMD impact sulfate tends to be conservative in streams and is produced during the oxidation of pyrite. A vertical dashed line represents a sulfate cutoff concentration at 50 mg/L (Herlihy et al. 1990 ). When sulfate was less than 50 mg/L, acidity was negligible.
When pH was less than 3.5, sulfate was high and acidity correlated well with sulfate concentration. When pH was greater than 6, acidity was low even for high sulfate concentrations. Five categories of water were identified based on sulfate and pH (Figure 4 ). The categories included:
 Category 1 -strongly acidic water with strong AMD impact (pH<3.5);
 Category 2 -acidic water with AMD impact (3.5<pH<6 and sulfate>50mg/L);
 Category 3 -acidic water without serious AMD impact (3.5<pH<6 and sulfate<50mg/L);
 Category 4 -non-acidic water with AMD impact (pH>6 and sulfate>50mg/L);
 Category 5 -non-acidic water without serious AMD impact (pH>6 and sulfate<50mg/L).
Category 1 represents the most severe AMD impact. Our results showed that at pH<3.5, stream waters in this study always had sulfate concentration higher than the sulfate cutoff concentration of 50 mg/L suggested by Herlihy et al. (1990) . Moreover, at pH <3.5, sulfate and pH had a strong correlation with correlation coefficient = -0.82. Every site with pH<3.5 had metal concentrations above the criteria values. Consequently, the observation that pH<3.5 was adequate to predict severe AMD impact.
Categories 3, and 5 represented the least AMD impact, i.e. when sulfate concentration was less than 50 mg/L. These waters contained net alkalinity or very little acidity. There was net alkalinity whenever pH was above 6, the PA water quality criterion. Metal concentrations were less than criteria whenever sulfate concentrations were less than 50 mg/L.
Summary and Recommendations
Based on monitoring and TMDL analysis, the 106 sampling sites were divided into five categories.
Strongly acidic waters with strong AMD impact (Category 1, Table 2 ) were defined entirely by low pH (pH<3.5). These waters always had extremely high sulfate concentrations and typically had high metal concentrations (see Table 2 ). These sites accounted for 17% of sites in this study. In addition to the consistently high acidity and metal concentrations, the metals are likely to be in the more toxic dissolved forms. It is proposed that 3 to 4 sampling expeditions during one year would be adequate to represent the water quality and to calculate the TMDL. Acidic waters with AMD impact (Category 2, Table 3 ) were defined as having an average pH between 3.5-6.0 and sulfate greater than 50 mg/L and accounted for 35% of total sites. TMDL analyses showed that metals had to be removed at all sites in this category, to comply with water quality criteria. Al concentrations exceeded criteria at every site in this category. Removal of Fe was required at 25 of the 37 sites, and removal of Mn was required at 34 of the 37 sites.
Standard deviations showed that water quality parameters fluctuated more than for category 1 waters. Therefore, at least 6 samples, spread over one year, should be taken for category 2 waters. Acidic waters without serious AMD impact (Category 3, Table 4 ) were defined as having pH 3.5 -6.0 and sulfate concentration less than 50 mg/L, and accounted for seven of the 106 sites in this study. These waters also contained lower metal concentrations than in categories 1 and 2.
Acidity was still a problem for Category 3 sites. For this category, the sampling objectives should include analysis of water quality during storm events and identification of the major sources of contaminant loads. Water should be sampled seasonally, at least 6 times during a oneyear period. Continuous monitoring of conductivity and pH (along with water level) should be used to make sure that more serious contaminant episodes do not escape attention. Also, metal speciation should be analyzed, to determine whether total metals are accurate representations of discharge chemistry or merely indicators of erosion from riparian zones. Non-acidic water with AMD impact (Category 4, Table 5 ) had average pH between 6.0-8.0
(compliant with the criteria) but sulfate greater than 50 mg/L (indicating AMD impact).
Category 4 accounted for 34 of the 106 sample sites. Metals might be precipitated at these pH values, and therefore less toxic or non-toxic for aquatic organisms (Gitelman, 1989; Sigel, 1986; Sigel and Sigel, 1988; Sigel and Sigel, 2000 Non-acidic water without serious AMD impact (Category 5, Table 6 ) accounted for 9% of the total sites in this study. These waters had neutral pH, low sulfate, low metal concentration, and low acidity, although there was a record of abandoned mines in these areas. TMDL analyses indicated that neither metals nor acidity would have to be removed, in order to comply with criteria (except for site #1). Conductivity and pH should be monitored continuously at these sites, to investigate the effects of extreme water levels. TMDL reports for these streams could result in a change of regulatory category, from "non-attainment" of water quality criteria to "attained" status. In order to be confident in making this change, at least 6 samples should be collected from these streams. Table 6 . Average and standard deviation values and the required percent removal of metals and acidity for Category 5 (non-acid waters without serious AMD impact).
